Hymenolepis nana is the most commonly known intestinal cestode infecting mainly human. This study aimed to investigate the potential effect of chitosan particles (CSP) to enhance the immune system against H. nana infection. Determination of worm burden, egg output, histopathological changes, oxidative stress markers (lipid peroxidation and reduced glutathione), goblet (GCs) and mucosal mast cells (MMCs) counts in intestinal ileum was performed. In addition, levels of intestinal mRNA expression of interleukin (IL)-4, IL-9, stem cell factor (SCF), type I and II interferons (IFN)-a/ c, tumour necrosis factor (TNF)-a, mucin 2 (MUC2) and inducible nitric oxide synthase (iNOs) were investigated using real-time PCR. The results indicated induced reductions in adult worm and egg counts in infected mice after CSP treatment. This was associated with improvement in tissue morphometric measurements and oxidative stress which were altered after infection. Expression levels of iNOs, IFN-a, IFN-c, TNF-a and IL-9 were decreased by CSP. Conversely, expression levels of MUC2, IL-4 and SCF increased compared to infected untreated group. In addition, GCs and MMCs counts were normalized by CSP. In conclusion, this study could indicate the immunoprotective effect of CSP against H. nana infection. This was characterized with Th2 anti-inflammatory responses.
Introduction
Hymenolepis nana is the most common tapeworm of humans, especially in young children of developing countries [1, 2] . Its life cycle may be either direct or indirect. Direct human to human transmission is the most prevalent route of infection particularly in poor hygiene and insufficient sanitation [3] .
The appearance of both eosinophils and mast cells in the intestinal mucosa was suggested to be the most effective immune response against H. nana infections [4, 5] . Therefore, immunopotentiation of the intestinal immunity using different immunostimulators could accelerate the eradication of H. nana [6] .
Chitosan is a natural polysaccharide produced by deacetylation of chitin [7] . Chitosan was proposed as an immunostimulant due to some of its characteristics like anti-inflammatory and antimicrobial activities [8] . Also, its impact in stimulating cellular and humoral immune response allowed it to be used in prevention of immune system disorders and inflammatory processes [9] . Although chitosan was described as an inducer for mixed Th1/2 responses [10] , recent investigations revealed a strong enhancement for type I IFNs [11] . The pattern of cytokines response to infection with cestodes after chitosan treatment has not yet been totally clarified.
This study was proposed to investigate the antihelminthic activity and immune responses in experimental Hymenolepiasis following the application of chitosan particles.
Materials and methods
Parasite. Hymenolepis nana parasite was isolated from infected Mus musculus and maintained in outbred mice. The eggs were collected from infected mice, which were sacrificed 14 days post-infection. Infective shell-free eggs were prepared from gravid segments of adult worms by stirring egg suspension with glass beads (3 mm in diameter) just before use [12] .
Mice. Parasitic infections-free female swiss albino mice (22-25 gm weight and 6-8 weeks old) were used in this study. Animals were housed in specific pathogen-free environment under controlled temperature (21°C) with 12 h of light and 12 h of dark and had free access to water and a standard mouse chow diet. Mice were handled in accordance with the protocols approved by the Zoology Department, Faculty of Science, Beni-Suef University.
Preparation of chitosan particles. The particles were prepared according to the method described [13] using 88.5% deacetylated chitosan powders (Sigma, St. Louis, MO, USA). The particles were collected and stored until used.
Treatment schedule. Thirty mice were randomly divided into three groups (10 mice each). The first group was noninfected, the second one was infected but untreated, and the third one was infected and orally treated with CSP at dose of 500 lg/mouse once a week for four successive weeks [14] . One week later following the last dose, second and third groups were infected with 2000 eggs/mouse using stomach tube. Faecal examination was performed for the later two groups during the period ranged from the 12th day post-infection (dpi) till 21th day to record and count the egg appearance. On 22th dpi, mice were euthanized and the small intestines were removed/ opened longitudinally to collect the worms [15] . Also, eggs per gram (EPG) faeces were counted [16] .
Intestinal tissue preparations for biochemical and histopathological changes. Parts of the freshly collected ileum were homogenized according to the method described [17] . The obtained homogenate was centrifuged at 5009 g for 10 min in cooling centrifuge. The supernatant was separated to use for biochemical determinations. Other parts of ileum were fixed immediately in 10% formalinbuffered phosphate. This fixed tissue was processed, sectioned and stained with haematoxylin and eosin (H&E). These sections were examined for histopathological changes. To quantify the changes in ileum architecture, morphometric analysis including the length and width for villi as well as the length of crypts in mice individuals within each group (Mean AE SE) was performed. A computer image analysis program (NIH Image, version 1.59) was used.
Determination of oxidative stress markers. The lipid peroxidation activity was determined according to the method described [18] . This method measured thiobarbituric acid reactive substances (TBARS) concentration, and its values were expressed as nmols /mg of protein. In addition, GSH concentration was determined according to the method described [19, 20] where GSH level was expressed as mmols/mg of protein. Furthermore, the protein concentration was determined according to the method described [21] using bovine serum albumin as a standard.
Histochemistry. The prepared paraffin sections were deparaffinized with xylene and then rehydrated gradually in descending manner with ethanol and lastly with water. Some of these sections were stained with Alcian blue (Sigma) for determination of GCs [22] . The other sections were stained with Naphthol-AS-D chloroacetate (Sigma) and counterstained with haematoxylin for MMCs [23] . The GCs and MMCs in the ileum were counted for each animal by which the count was carried out at least in ten well-orientated villous crypt units (VCUs). The results were expressed as the mean number of cells AE SE per 10 VCUs.
Real-time PCR (RT-PCR). The protocol was performed according to the method described [24] . The primers for MUC2, iNOs, SCF, IFN-a, IFN-c, TNF-a, IL-4, IL-9 and 18S rRNA were purchased from Qiagen (Hilden, Germany). The primer sequences were depicted in Table 1 . The quantitative evaluation was performed with aqman7500 system software (Applied Biosystems, Foster, MA, USA). Expression of genes was normalized to that of 18S rRNA [25] .
Statistical analysis. Shapiro-Wilks normality test was used to confirm that all the data were normally distributed. SPSS (version 20) statistical program (SPSS Inc., Chicago, IL, USA) was used to carry out a one-way analysis of variance (ANOVA) for the data. Analysis of differences between the means of infected and non-infected controls or infected and infected + CSP was performed using Dunnett's t-test.
Results

Parasitological findings
In infected group, eggs appeared at 20th day p.i. but in CSP-treated group, eggs appeared at 14th day p.i. Compared to the infected group, treatment with CSP reduced the count of adult worms (95%; P˂0.001) and eggs (77; P˂0.001; Table 2 ).
Histological observations and morphometric analysis
Challenge infection of untreated mice with H. nana eggs led to destruction of normal villous architecture compared to non-infected mice (Fig. 1A, B) . CSP-treated mice showed a reversed effect for the histological disruptions with associated lymphocyte infiltration and GCs hyperplasia (Fig. 1C) . Morphometric analysis for the villi indicated significant reductions in villus length and width in the infected compared to non-infected group (P˂0.001 and P˂0.01, respectively; Table 3 ). CSP reversed the alterations in infected group to nearly normal length and width (P˂0.01 and P˂0.05, respectively) as well as crypts (P˂0.001) compared to infected group.
Effect of CSP on intestinal MMCs and GCs
Infected mice showed no change in MMCs count in relation to the non-infected mice, while CSP increased MMCs (P < 0.001) obviously in comparison with the infected group (Fig. 2) . GCs count decreased in infected versus non-infected (P < 0.01) but CSP returned the count to normal level and showed a statistical significance (P < 0.001) compared to infected group (Fig. 3A , B, C, D). MUC2 expression showed nearly a similar pattern with a decrease (P < 0.001) in infected versus non-infected groups but appeared a bit recovered (below the normal values) in CSP-treated mice (Fig. 3E ) in relation to infected (P < 0.001) and non-infected groups.
Effect of CSP on oxidative stress in intestine
Data showed a significant decrease (P < 0.001) in GSH and increase (P < 0.001) in both of TBARS and iNOs mRNA expressions in infected group (Fig. 4) compared to the non-infected. GSH, TBARS and iNOs levels appeared a bit recovered in CSP-treated mice in relation to infected (P < 0.001) and non-infected groups.
Effect of CSP on mRNA expression of cytokines
The mRNA expression of IFN-a, IFN-c, TNF-a and IL -9 was increased in infected group and appeared a bit recovered in CSP-treated mice (Fig. 5) . In contrast, mRNA expressions of IL-4 and SCF were decreased in infected and appeared below and above the normal levels, respectively in CSP-treated mice. All the resulted data showed a high degree of significance (P < 0.001). 
Discussion
Chitosan particles induced immunoprotective effect against H. nana infection in mice through decreased adult and egg counts. CSP upregulated MMCs infiltration, prevented GCs hypoplasia and returned intestinal tissue oxidative stress to normal levels. Moreover, morphometric analysis for the histological changes in intestinal villi and crypts indicated a reversal effect of CSP to normal values. Investigation for the cytokine mRNA expression revealed reduced levels of IFNs type I and type II, TNF-a and IL-9 versus increased levels of IL-4 and SCF after CSP treatment in comparison with infected untreated group.
Chitosan particles reduced adult and egg counts significantly in comparison with infected group. This could be assigned to CSP behaviour to penetrate and adhere to the intestinal mucosa and its ability to induce intestinal mastocytosis, GCs hyperplasia and MUC2 expression [26, 27] . The increased MMCs count and mucus secretion were found to trap the adult worms and expel it [5, 28] . CSP recovered the alterations in intestinal structures or morphometric changes in infected mice by downregulating inflammatory responses and oxidative stress but upregulating occuldin protein expression in intestinal tissue [29] . Occuldin protein was previously defined as a tight junction molecule between epithelial cells and to be resistant against intestinal infection [30] . The downregulated inflammatory responses were evident by decreased/ recovered expressions of IFNs type I & II, TNF-a and IL-9, while decreased oxidative stress was evident through decreased markers (TBARS and iNOs). CSP was found to modulate the immune responses in infection from Th1 (IFNs) to Th2 (IL-4) cytokine responses. The same evident was also found in Eimeria-infected mice [24] . Indeed, Th2 responses were found protective against intestinal helminthic infections [31] .
CSP was found previously to inhibit oxidative stress in intestine [32] . This was also observed in the current study by normalized values of GSH, TBARS and iNOs. This interpreted clearly why chitosan reversed the histological alterations or intestinal epithelial injury [33, 34] . While the intestinal mastocytosis, MUC2, IL-4 and SCF were increased, oxidative stress was decreased in CSP-treated mice versus infected. Increased mastocytosis, goblet cell hyperplasia and IL-4 were found in CSP-treated group which showed increased worm expulsion. This could be referred to chymases produced by degranulated MMCs creating inhospitable environment for the parasite [35] [36] [37] . MMCs were found also to play a role in GCs hyperplasia and mucin secretion [38] . Indeed, these cells were reported to play both earlier positive (pro-inflammatory) and later negative (anti-inflammatory) actions on immune responses [39] . Together with IL-4, SCF was also increased in CSPtreated mice. SCF was found to play a major role in MMCs migration to the intestine and protective immunity against intestinal helminths [40] .
In consistence with decreased oxidative stress, inflammatory cytokines like two types IFNs, TNF-a and IL-9 were also decreased after CSP treatment. However, IFN type I and IL-9 were reported to play a role in defence against intestinal helminths [11, 41] . This clarified the mode of chitosan action to induce protection against infection with H. nana and non-essential roles of both IFN-a and IL-9 to produce protective immunity or worm expulsion. Generally, IFN-a and IFN-c were reported previously to play no role in worm expulsion [42] . Both IFNs were found to regulate TNF-a and histamine release by MMCs [43] . TNF-a was found to increase the Figure 4 Effect of CSP on mRNA expression level of oxidative stress markers (GSH: A, TBARS: B, and iNOs: C) in intestinal tissue. Data showed a significant a decrease (P < 0.001) in GSH and an increase (P < 0.001) in both of TBARS and iNOs in infected group compared to the non-infected. GSH, TBARS and iNOs levels appeared a bit recovered in CSP-treated mice in relation to infected (P < 0.001) and non-infected groups. Mean AE SE is represented, while # and * denote to the degree of significance between infected and non-infected groups or infected and treated groups, respectively. ............................................................................................................................................................... permeability of the intestinal mucosal barrier by inducing destruction of the epithelial tight junction and apoptosis of epithelial cells which acted as an essential barrier against intestinal infections [44] . Like TNF-a, oxidative stress markers including NO were elevated [24] . Unlike upregulated expressions of TNF-a, IFN-c and iNOs, MUC2 was downregulated [45] .
In conclusion, CSP could induce protection against H. nana infection by reducing the worm burden and egg output. It could also recover the intestinal structure alterations due to infection. This protective effect was referred to its anti-inflammatory action by downregulated IFN-a, IFN-c, TNF-a and IL-9 and upregulated IL-4 and SCF expressions. It shifted Th1 to Th2 responses, decreased oxidative stress and maintained intestinal GCs, MMCs and MUC2. Figure 5 Histograms showing the effect of CSP on intestinal mRNA expression of IFN-a, IFN-c, IL-4, IL-9, SCF, and TNF-a. IFN-a, IFN-c, TNF-a and IL-9 were increased in infected group and appeared a bit recovered in CSP-treated mice. In contrast, IL-4 and SCF were decreased in infected and appeared below and above the normal levels, respectively, in CSP-treated mice. All the resulted data showed a high degree of significance (P < 0.001). Mean AE SE is represented, while # and * denote to the degree of significance between infected and non-infected groups or infected and treated groups, respectively.
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